Introduction
The exocrine pancreas has generally and widely been conceived to be a homogeneous organ, with morphologically and physiologically equivalent acini and acinar cells. In recent years, however, evidence has accumulated at the functional level that the pancreas stores newly synthesized digestive enzymes in heterogeneous pools and releases them from these pools in a cyclic and secretagoguespecific fashion (1) (2) (3) (4) (5) (6) . Digestive enzyme mixtures of distinct and rapidly variable composition have been shown to be secreted in nonparallel fashion by the pancreas of the rabbit after different physiological stimuli, whereas correlation and regression analysis of the enzyme secretory patterns showed that distinct digestive enzyme species were secreted together in tightly linked groups, as expected of the exocytotic secretory mechanism (2) . These data led to the prediction that the digestive enzymes were secreted in premixed groups of distinct composition from heterogeneous sources within the gland. Direct investigation of this prediction by double pulse-labeling of the gland during enzyme synthesis, followed by analysis of isotopic outputs in the prelabeled digestive enzyme protein during secretion elicited by different secretagogues, strongly Correspondence to: Joel W. Adelson and electron microscopy demonstrated highly heterogeneous labeling of the zymogen granule contents of specific acinar cells with the lectins Ulex europaeus agglutinin (UEA) and Eryrhrina crisragafli (ECA), which also showed perferential heterogeneous binding to specific cellular regions. The st&ing acinar cell heterogeneity c o n f i i earlier predictions, and may eventlliluy prove to be the cellular basis for the secretion of different enzyme &tures from heterogeneous sources within the pancreas. ( J Hisrochem Cytochem 44:215-220,
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KEY WORDS: Pancreatic heterogeneity; Protein secretion; Zymogen granule; Lectins; Rabbit; Rat. labeling of peti-hda~ acini. 0 t h~~ I& also denloWmted supported this hypothesis (3). A review of data from multiple sources supporting pancreatic heterogeneity and formal proposals for the putative cellular basis of pancreatic heterogeneity were published (4) . Further studies in the conscious rat showed that the nonparallel enzyme secretory patterns in rat were highly cyclic ( 5 ) . Extensive study of the nonparallel secretory phenomenon in the rabbit, using a mass assay of the enzymes (electrophoretic separation with quantitative densitometry) to avoid potential difficulties with quantitative enzyme assays, showed the secretion to be rapidly cyclic and highly nonparallel, consistent with secretion of enzyme mixtures from heterogeneous sources within the gland (6) . Despite predictions of pancreatic heterogeneity based on physiological work, little is known about the morphological or cellular basis for heterogeneity within the gland. Classical preparations of the exocrine pancreas appear homogeneous at the light and electron microscopic levels. Using immunocytochemistry and morphometric analysis, Bendayan et al. (7) have reported differences in acinar cell size and enzyme content between acinar cells surrounding the islets of Langerhans (peri-insular cells) and those located at a distance from the islets (tele-insular cells), but explicit morphological distinctions in individual cell types or acinar groups were not readily evident. Because the physiological data supporting the existence of heterogeneous pools of digestive enzymes within the pancreas were very compelling, we explicitly sought such pancreatic acinar heterogeneity at the morphological level by employing a panel of 17 distinct lectins to bind to specific cellular glycoconjugate moieties (8,9) in the exocrine pancreas. We report here that lectin staining of fasting rat and rabbit pancreas revealed extensive heterogeneity among acinar cells, as clearly demonstrated by specific and heterogeneous binding to acinar cell organelles, membranes, and the zymogen granule region.
Materials and Methods
Tissue Processing. Male Sprague-Dawley rats (200-250 g) and male New Zealand rabbits (2.0-2.5 kg) were fasted overnight and given water ad libitum. Rats were sedated with IP injections of xylocaine (10 mglkg) (Phoenix Pharmaceutical; St Joseph, MO) and ketamine (50 mglkg) (Parke-Davis; Morris Plains, NJ). Rabbits received preanesthesia with IM injections of the same drugs as above, followed by inhalation anesthesia with isoflurane (Abbott; North Chicago, IL) 0.7-1.5% in 100% 0 2 (experiments were performed following the Rhode Island Hospital Animal Welfare Committee and the National Research Council guide for care and use of laboratory animals). The animals underwent laparotomy with immediate pancreatectomy; the tissue was rapidly frozen in Freon 22 cooled with liquid nitrogen. After sectioning (6 pm), the tissue was fixed in alcoholic formalin and transferred to PBS.
Lectins. Lectins and their abbreviations are presented in Table 1 . All lectins were purchased from Vector Laboratories (Burlingame, CA), except for Helixpomatia (HPA), which was obtained from Sigma (St Louis, MO). The lectins were reconstituted according to the manufacturer's instructions.
Labeling Protocol. Sections were incubated with a single biotinylated lectin at 10 bg/ml (Vector Laboratories) for 1 hr at ambient temperature and washed thoroughly in PBS, followed by a I-hr incubation with avidin-biotin-peroxidase complex (Vectastain ABC kit; Vector Laboratories) at room temperature (RT). After washing, the final reaction product The binding sugars are given for general information only. further details on sugar binding are given in the literature (10.11) was produced by immersing the sections in a solution of 0.01% hydrogen peroxide and 0.05% diaminobenzidine (DAB) in PBS for 10 min at RT. Sections were then counterstained in 1% aqueous methyl green for 3 min to reveal nuclei and mounted with standard techniques. To ascertain specificity of labeling, lectins were incubated at a ratio of 1:l with their corresponding specific sugars at a final concentration of 0.2 M for 1 hr at RT, using a modification of the method of Jonas et al. (10) with blocking sugars as described by these authors. and were washed thoroughly before staining. In the other controls, the lectin and/or the avidin-biotin complex was omitted. All such controls showed negative lectin binding.
Fluorescence Microscopy. The sections were incubated with each biotinylated lectin at a final concentration of 10 pglml for 1 hr, washed thoroughly in PBS, then treated for 30 min with fluorescein-streptavidin (Vector Laboratories; 1:200). The slides were rinsed with PBS and mounted with an anti-photobleaching medium (Vectashield Mounting Medium; Vector Laboratories); fluorescence was observed with an Olympus BH-2 epifluorescence microscope. Electron Microscopy. Pancreatic tissue was fixed for 1 hr in 2.5% glutaraldehyde in 0.15 M sodium cacodylate buffer (pH 7.4), then rinsed for 10 min in the same buffer. The specimens were then dehydrated in a graded series of ethanol solutions and embedded in LR White medium (London Resin Company; London, UK) overnight at 60°C. Thin sections (silver-gold) were mounted on nickel grids and immersed for 15 min in drops of 20 mM Tris-O.>% BSA buffer (pH 7.2) (Sigma Chemical), then immersed in the lectin solution at 10 pg/ml for 1 hr at RT in a moist chamber. The grids were washed three times in Tris-BSA, blotted, and then immersed in Exrravidin-gold solution (Sigma Chemical) with 10-nm gold particles in Tris-BSA. Finally, the grids were washed in distilled water, stained for 10 min in 2.5% aqueous uranyl acetate, rinsed again, and then dried before examination in a Phillips 300 electron microscope at 60 kV.
Results
The pancreatic acinar tissue stained homogeneously, as expected, with commonly used stains such as hematoxylin and eosin ( Figure  1 ). Of the 17 lectins for which binding was tested in the rat and rabbit, 13 bound t o pancreatic acinar cells homogeneously but in a highly specific fashion, as described below. In striking contrast, four lectins-UEA, ECA, PHA, and DBA-stained the acinar cell zymogen granule region of the rat in a highly heterogeneous fashion, which was observed consistently throughout multiple repetitions in different animals. UEA bound to both the zymogen granule region and the basolateral membranes of a limited number of specific acinar cells throughout the tissue in a diffuse tele-insular pattern (Figure 2a ) not associated with any region or lobule, and also showed a definitive peri-insular staining of "halos" of acinar cells surrounding the islets of Langerhans (Figure 2b) . ECA heterogeneously labeled the zymogen granule region as well as apical and basolateral membranes of specific acinar cells distributed throughout the gland. Even within the same acinus, specific stained and unstained cells were found to coexist (Figure 2c ). ECA did not bind in a peri-insular "halo" pattern in the rat. PHA and DBA also bound heterogeneously to the zymogen granule region of the rat, in a pattern similar to that of ECA.
In the rabbit, a similar pattern of lectin specificity and heterogeneity was found, but with several species-related differences. First, ECA showed preferential staining of the peri-insular acinar cells (Figure 3a ), similar to the pattern observed with UEA in the rat. Second, ECA showed labeling of the zymogen granule region in a highly heterogeneous fashion with a clearly lobular distribution, which was especially evident in fluorescence-labeled sections observed with phase-contrast microscopy (Figure 3b ). UEA also bound to the zymogen granule region of selected tele-insular cells but did not stain in a peri-insular pattern as in the rat. PHA and DBA did not bind to the zymogen granule region of the rabbit. However, PHA did bind homogeneously to the basolateral membrane region. Although the resolution obtained with light microscopy did not readily allow distinction between lectin staining of the zymogen granule membrane and the contents of the granule, electron microscopy appeared to do so. Electron microscopy, employing goldlabeled ECA, consistantly revealed single neighboring cells within a single acinar group, which showed either the presence or almost complete absence of gold particles labeling the mature zymogen granule contents of any individual cell. For a single example, see Figure 4 . UEA also revealed labeling ofthe contents of mature zymogen granules.
All of the lectins employed exhibited a very high degree of selective binding to specific cellular regions. HPA, JAC, GSL, RCA, MPL, and WGA homogeneously bound to the zymogen granule and basolateral membrane regions in both rabbit and rat pancreas. Other examples of homogeneous lectin binding patterns included PSA (Figure 5a) , which bound to the zymogen granule and the basolateral membrane regions in rat. However, in the rabbit the binding was found only in the zymogen granule region. ACL gave distinct labeling ofthe Golgi region and apical membranes throughout the tissue in both rat ( Figure Sb) and rabbit. SBA showed binding to the apical membrane in both rat and rabbit. WFA exhibited apical membrane staining in the rabbit and zymogen granule region staining in the rat. LCA preferentially stained the basolateral membranes and cytoplasm of all acinar cells in the rabbit and of all basolateral membranes and cytoplasm in the rat. ConA stained the zymogen granule region and cytoplasm homogeneously in the rabbit and the basolateral membranes and cytoplasm in the rat. PNA homogeneously bound to the apical membranes and Golgi region in the rabbit. No staining was evident in the rat. Despite the presence of species specificity, the patterns obtained with all of the above lectins were homogeneous.
Discussion
The possibility of the existence of fundamental cellular heterogeneity of the exocrine pancreas has rarely been considered in the past, possibly because there has been little previous work at the functional level to suggest heterogeneity in the acinar cell population and because the standard or classical tissue stains, such as hematoxylin and eosin, stain this tissue quite uniformly. However, several physiological studies have recently introduced the possibility of functional heterogeneity or specialization of either individual acinar cells or acini. It has now been shown that newly synthesized digestive enzymes are sequestered in heterogeneous pools, from which they are secreted in a cyclic neurosecretory-like and secretagogue-specific fashion (1) (2) (3) (4) (5) (6) . A few previous reports have deduced the existence of morphological differences among acinar cells, but until now none has actually visualized distinct differences such as we have reported here. Bendayan and colleagues, using morphometric and immunocytochemical methods, originally predicted the existence of distinctions between "tele-insular" and "peri-insular" cells (7, (12) (13) (14) . This is now directly confirmed by this study: ECA in the rabbit and UEA in the rat showed clear peri-insular halos of acinar cells. Mroz and Lechene (15) have shown differences between isolated zymogen granules in vitro, using microenzymatic fluorometric assays. Uchida et al. (16) have shown asymmetric distribution of blood group antigens in a mosaic lobular pattern in human acinar pancreas. We describe here three general patterns of acinar cell heterogeneity: a peri-insular pattern (Figures 2b and  3a) , a diffuse cellular or subacinar pattern that does not appear to be confined to distinct lobules (Figures 2a and Zc) , and a lobular or regional pattern (Figure 3b ). In addition, many other lectins produced homogeneous cellular patterns of high specificity for such subcellular regions as the apical membranes, basolateral membranes ( Figure Sb) , Golgi region (Figure 5b) , and the zymogen granule region (Figure 5a ) or the contents of the granule. Such specificity offers distinct possibilities for further functional studies potentially linking changes in cellular glycoconjugates to changes in membrane content and placement during secretion.
The synthesis, packaging, and secretion of pancreatic digestive enzymes follow the "classical" exocytosis pathway (17)-which in fact was originally elucidated in this very tissue-from the endoplasmic reticulum, through the Golgi apparatus, to the immature secretory granule or condensing vacuole, to final storage in the mature zymogen granule before discharge from the cell. The specific binding of UEA and ECA to the contents of mature zymogen granules in selected cells within an acinus, and not to others, as well as the regional binding of specific lectins to peri-insular halos of acinar cells and to certain lobules, makes it highly likely that the heterogeneity observed here has, at least partially, a regional or geographic basis within the gland and is not simply related to temporal or asynchronous differences in the processing of glycoproteins among acinar cells, although the uneven staining noted in some sections (Figures 2a and 2c ) makes it appear possible that some degree of asynchrony was also present among acinar cells. A consistent finding was the clear labeling of all zymogen granules within a single cell, with the almost complete absence of labeling from all granules in a neighboring cell within the same acinus (Figure 4 ). Therefore, importantly, heterogeneity appears to exist among individual pancreatic cells, but not among the secretion granules contained within a single cell. The exocrine pancreas, despite many years of assumption of acinar cell homogeneity, now appears to be a fun-damentally heterogeneous organ at both the physiological and the morphological level. 
